Purpose To better understand the mechanistic parameters that govern drug release from polymer micelles with acid-labile linkers. Methods A mathematical model was developed to describe drug release from block copolymer micelles composed of a poly(ethylene glycol) shell and a poly(aspartate) core, modified with drug binding linkers for pH-controlled release [hydrazide (HYD), aminobenzoate-hydrazide (ABZ), or glycine-hydrazide (GLY)]. Doxorubicin (Dox) was conjugated to the block copolymers through acid-labile hydrazone bonds. The polymer drug conjugates were used to prepare three polymer micelles (HYD-M, ABZ-M, and GLY-M). Drug release studies were performed to identify the factors governing pH-sensitive release of Dox. The effect of prolonged storage of copolymer material on release kinetics was also observed. Results Biphasic drug release kinetics were observed for all three micelle formulations. The developed model was able to quantify observed release kinetics upon the inclusion of terms for unconjugated Dox and two populations of conjugated Dox. Micelle/ water partitioning of Dox was also incorporated into the model and found significant in all micelles under neutral conditions but reduced under acidic conditions. The drug binding linker played a major role in drug release as the extent of Dox release at specific time intervals was greater at pH 5.0 than at pH 7.4 (HYD-M > ABZ-M > GLY-M). Mathematical modeling was also able to correlate changes in release kinetics with the instability of the hydrazone conjugation of Dox during prolonged storage. Conclusion These results illustrate the potential utility of mechanistic modeling to better assess release characteristics intrinsic to a particular drug/nanoparticle system.
INTRODUCTION
Nanoparticles such as dendrimers, liposomes, and polymeric micelles are widely used as drug carriers for the treatment of various human diseases with applications in cancer being particularly prevalent (1) (2) (3) . Nanoparticle drug carriers that modulate the entrapment and release of drug payloads can favorably alter drug pharmacokinetics by reducing clearance, suppressing non-specific drug accumulation, and enhancing t u m o r a c c u m u l a t i on ( 2 ) . W h i l e m a n y t y p e s o f nanoformulations have been developed to take advantage of these properties, few have had clinical success, which may be attributable to non-optimal in vivo release rates.
Current methods used to characterize drug release kinetics from nanoparticles are numerous (4-6); however, environmental factors that result in differences between in vitro and in vivo release kinetics must be considered. Mechanistic models that enable separation of environmental effects from intrinsic release parameters can provide a framework for reliable in vitro-in vivo correlations (7) . This in turn would reduce the costs incurred during preclinical development due to extensive animal testing and unguided formulation optimization. To this end, considerable efforts have been made to establish mechanistic drug release models for liposomal formulations; however, similar models have yet to be developed for other nanoparticles (7, 8) . For other nanoparticles, the unique physicochemical properties of the individual drug and particle in addition to the combined properties of the drug/particle system must be considered.
One particular system which has received considerable attention is polymeric micelles (9, 10) . These self-assembled nanoparticles are unique structures that provide a range of options for altering drug release (e.g. drug conjugation, particle size and charge, hydrophobicity). While the numerous options may be advantageous in altering release kinetics, they may also result in complex drug release mechanisms. For example, block copolymer micelles are generally composed of a hydrophilic shell and a hydrophobic core. Drug payloads are typically thought to be entrapped in the micellar core due to the drug's affinity for the hydrophobic region of the particles (11) (12) (13) but in reality the drug distribution may be heterogeneous. Drug release rates may reflect a combination of kinetic factors (i.e. drug diffusion and/or cleavage of the drugpolymer linkage) and thermodynamic factors (i.e. critical micelle concentration, micelle/water partition coefficient, etc.) intrinsic to the drug/polymer system.
Depending on the block copolymer design, drug release can also respond to external stimuli such as heat, electromagnetic waves, enzymatic activity, or pH (11, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Chemically conjugating drugs to the block copolymers is another way to alter drug release kinetics and adds yet another dimension to the mechanism of drug release. In several instances, these types of micelles often show a biphasic drug release pattern (i.e. burst drug release followed by a sustained, often extremely slow drug release), but a consensus has yet to be reached on the exact cause of the two phases of release (10, 24) .
In this study a mechanistic model was developed to describe drug release from block copolymer micelles with hydrazone-conjugated doxorubicin (Dox). These micelles were prepared from block copolymers composed of 12 kDa poly(ethylene-glycol) (PEG) and 16 hydrophobic repeating units, synthesized as previously reported (25) . The hydrophobic portion of the block copolymers was modified with hydrazide-based drug linkers (HYD, ABZ, or GLY) which were subsequently used to conjugate Dox to the micelle. Hydrazone bonds have been shown to be pH-sensitive, being relatively stable in neutral conditions but susceptible to hydrolysis in acidic environments (9, 24, (26) (27) (28) (29) . Furthermore, spacers prior to the hydrazone moiety have been successfully employed to further tune drug release (25) . For this reason, GLY and ABZ spacers were employed in this study to alter drug release. A block copolymer without a spacer was also prepared as a control.
Previously, drug release from micelles based on block copolymers with identical drug linkers was modeled using zero and first order release models, combining micelle-dependent and method-dependent release properties into a single kinetic descriptor (25) . This oversimplification led to a limited understanding of the specific factors that govern Dox release (e.g., dialysis membrane transport, hydrolysis kinetics, micelle/ water partitioning, etc.). Therefore, studies herein focus on developing a mathematical model based on a postulated mechanistic interpretation of individual properties affecting Dox release. Drug release studies using dynamic dialysis as the primary method to monitor release were performed at pH 5.0 and pH 7.4 to elucidate the pH-effect on Dox release from polymeric micelles. In dynamic dialysis, which is typically used to evaluate drug release from various nanoparticle drug carriers, an additional physical barrier (i.e., the dialysis membrane) and the absence of sink-conditions within the dialysis compartment may influence the release rate (7) . The kinetics of drug transport across the dialysis membrane as modulated by micelle/water partitioning of the drug were incorporated into the model to isolate their effects on observed drug release profiles and generate intrinsic rate constants for drug release from the block copolymer micelles.
Preliminary modeling results indicated heterogeneous kinetics of hydrazone bond hydrolysis within the micelles. Long term storage of polymer drug conjugates resulted in hydrolysis of the hydrazone bond during storage [similar to a previous study (30) ] was identified by mathematical modeling of altered release kinetics after storage. This possible instability was explored and later confirmed experimentally. An additional non-sink release method previously developed to simultaneously determine release kinetics and drug partitioning in liposomal formulations (31) was employed to determine the extent of free Dox partitioning in the HYD micelle formulations and further validate the mechanistic model. Parameter values generated from simultaneous fitting of experimental data to the model served to assist in identifying the factors governing the pH-sensitive release of Dox from these micelle formulations.
MATERIALS AND METHODS

Materials
The following supplies were purchased from Fisher Scientific (USA): Slide-A-Lyzer® dialysis cassettes (10,000 MWCO), Sephadex LH-20 gels, potassium biphthalate sodium hydroxide buffer solution, potassium phosphate monobasic buffer solution, and 96-well plates. Amicon® Ultra centrifugal filters (10,000 MWCO) were purchased from Millipore (USA). Doxorubicin (Dox) HCl was purchased from LC Laboratories (USA).
Micelle Preparation and Characterization
PEG-p(Asp-HYD-Dox), PEG-p(Asp-ABZ-Hyd-Dox), and PEG-p(Asp-GLY-Hyd-Dox) block copolymers were synthesized and characterized previously (32) . Briefly, linker modified block copolymers were dissolved in deionized water (2.0 mg/mL) to prepare HYD, ABZ, and GLY micelles (HYD-M, ABZ-M, and GLY-M), respectively. At this concentration, micelle particle size and ζ-potential were determined using a Zetasizer Nano-ZS (Malvern, UK) equipped with a He-Ne laser (4 mW, 633 nm). A SpectraMax M5 (Molecular Devices, USA) equipped with variable spectrum filters and SoftMax Pro Software were used to quantify Dox.
Drug Release Studies
Dox release from micelles was observed in triplicate at 37°C in potassium biphthalate sodium hydroxide buffer solution (pH 5.0, 0.005 M ionic strength) and potassium phosphate monobasic buffer solution (pH 7.4, 0.024 M ionic strength). Temperature and pH were monitored throughout the study to ensure no drift from the initial conditions. Two methods were used for drug release studies.
The first method was dynamic dialysis. All experiments were performed using the same dynamic dialysis method but at varying pH (5.0 or 7.4). Release studies were performed with freshly synthesized material (stored less than 1 month at −20°C) at 1.0 mg copolymer/mL while release studies with 0.1 and 0.5 mg copolymer/mL used material that had been stored for 14 months at −20°C. For all of these release studies, block copolymer solutions (3 mL) in 10 mM buffer (pH 5.0 or pH 7.4) were transferred into dialysis cassettes (10,000 MWCO), that were subsequently placed into a 5.0 L reservoir of the same buffer. Aliquots (100 μL) were taken from the dialysis cassettes at the following time points: 0, 0.5, 1, 3, 6, 24, 48, and 72 h. Drug release experiments performed at 0.1 and 0.5 mg/mL concentrations had these additional time points: 1.5, 2.0, 4.5, and 9.0 h In the same fashion as the drug loading studies, samples herein were analyzed using UV-vis spectroscopy. The Dox fingerprint peak at 480 nm was used for detection. Based on a calibration curve (0.98 to 250 μM), the concentration of Dox within each sample was determined. It is important to note that the measured concentration represented the total concentration of conjugated and free Dox. Block copolymer absorbance spectra confirmed that Dox conjugation did not alter its spectrum.
Three additional drug release studies were performed using dynamic dialysis. First, buffer concentration effects were probed by performing drug release studies at low (5 mM) and high (20 mM) buffer concentrations. HYD-M, ABZ-M, and GLY-M solutions (0.5 mg/mL) were transferred into dialysis cassettes which were immediately placed in either 5 or 20 mM buffer solutions (pH 5.0). Samples (100 μL) were removed using a pipetter at predetermined time points (0, 0.5, 1, 1.5, 3, 4.5, 6, 9, 24, 48, and 72 h).
Secondly, the rate of free Dox diffusion from dialysis cassettes was determined at both pH 5.0 and pH 7.4. Dox was dissolved in 10 mM buffer solution (0.12 mg/mL) and dialyzed under the same conditions used above for Dox-loaded micelle suspensions. In order to monitor Dox binding to the dialysis membrane, a follow-up experiment was performed using the same dialysis cassettes from the Dox diffusion experiments. These previously-used dialysis cassettes were emptied and filled with Dox solutions (0.12 mg/mL). Dox disappearance from dialysis cassettes was then monitored.
Lastly, 0.5 mg/mL suspensions of HYD-M, ABZ-M, and GLY-M which had already undergone release for 72 h were spiked with free Dox and thoroughly mixed. These suspensions were dialyzed against the same reservoir used in micelle release studies to observe the influence of partitioning of unconjugated, free Dox into the micelle (if any) on Dox transport across the dialysis membrane.
A secondary set of drug release experiments employed a previously developed ultrafiltration method to monitor drug release under non-sink conditions (31) . Micelle suspensions (3 mL, 0.5 mg/mL) were transferred to scintillation vials that were placed in a 37°C incubator and gently shaken. At specific intervals, aliquots (250 μL) were removed, diluted to 500 μL with methanol, and ultrafiltered using Amicon® Ultra 0.5 mL centrifugal filters with Ultracel® membranes (10,000 MWCO). Ultrafiltration was achieved by centrifugation of these cartridges at 14,000 rpm for 10 min. Afterwards, the supernatant was collected and diluted to 500 μL with a 50:50 methanol:water solution and the process was repeated twice more. Block copolymers were expected to remain in the concentrate during ultrafiltration due to their high molecular weight (>13,000) while free Dox (544 MW) was removed. Free Dox removal by ultrafiltration was validated by dissolving Dox in a 50% methanol:water mixture and ultrafiltering. After three cycles, spectrometric analysis determined that no Dox was present in the concentrate. An additional confirmation was performed using two identical block copolymer solutions. One sample was spiked with free Dox and vortexed vigorously. Both samples underwent three ultrafiltration cycles. Analysis showed that there was no statistically significant difference between the Dox concentrations in the two concentrates, confirming complete free Dox removal from both.
Determination of Percent Unconjugated Dox Produced During Storage
The stability of the Dox-hydrazone bond during storage was a concern due to the time that elapsed between drug release studies (~14 months). Two separate methods were employed to quantify the percent of unconjugated Dox. First, ultrafiltration was used to determine recovery percentages of freshly prepared HYD-M, ABZ-M, and GLY-M. Block copolymers were dissolved in buffer solution and immediately ultrafiltered. Micellar Dox concentrations were determined before and after ultrafiltration. The percent recovered was calculated and reported. Secondly, 14 month-old block copolymers were purified using a Sephadex LH20 column. Briefly, block copolymers were dissolved in methanol and loaded on a Sephadex LH-20 column equilibrated with methanol. Methanol was added drop-wise to the column and flow was controlled by gravity. Due to the higher molecular weight, block copolymers move quicker through the column creating separation between themselves and free Dox. The initial, clear eluted volume was discarded. As the eluted volume turned red the block copolymer fraction was collected. Methanol was subsequently removed using rotary evaporation to dry and isolate the synthesized copolymer. The amount of Dox was measured before and after purification to determine the extent of drug loading and calculate the percent of conjugated Dox.
Mathematical Modeling
A mathematical model was developed based on Fig. 1 for data fitting and simulations. The model considers three major factors: heterogeneous kinetics of Dox release from the micelle, Dox micelle/water partitioning (K p ), and Dox diffusion through the dialysis membrane (k d ). Dox release studies clearly showed biphasic kinetics and therefore two rate constants (k f , k s ) were used to represent Dox release from micelles. The remaining variables in the initial model were: conjugated
, free Dox partitioned in the micelle (C U m ), free Dox in the aqueous phase (C U w ), free Dox in the reservoir (C R ), and the percent of Dox initially conjugated to block copolymers (P C ).
The mass balance for total Dox present in dialysis cassettes (M T ) includes two main species: unconjugated Dox (M U ) and covalently conjugated Dox (M C ). Furthermore, unconjugated Dox can either partition into micelles (M Um ) or remain in the aqueous phase (M Uw ) (Eq. 1). M Cf and M Cs represent two populations of conjugated Dox undergoing fast and slow hydrolysis, respectively (Eq. 2).
The total mass balance of Dox can then be written as:
The total concentration of Dox within the dialysis tube (C T ) is measured during dynamic dialysis. Therefore, the mass balance of Eq. 3 is rewritten in terms of the concentrations of the various Dox species using ratios of the aqueous (V , respectively, are employed in Eq. 4:
The density of the micelles was assumed to be similar to that of water, allowing the weight fraction of micelle to be used for volume calculations. Values of a and b depend on the block copolymer concentration during the release studies. The values of a for drug release studies performed at 1.0, 0.5, and 0.1 mg/mL were 0.9990, 0.9995, and 0.9999, respectively.
As described above, micellar Dox concentrations in the dialysis chamber depend on Dox escape from micelles and diffusion through the dialysis membrane (Eqs. 5-8) 
This term can then be substituted into Eqs. 7-8:
It is important to note that at time zero Dox can be present either in the conjugated (C f m ,C s m ) or free form (C U ). The percent of conjugated Dox (P c ) and the fraction of Dox undergoing fast release, F kf , are incorporated into the initial conditions (Eqs. 12-15).
Additionally, spike experiments were conducted to monitor the effect of Dox partitioning on the rate of disappearance of unconjugated Dox. For these experiments, block copolymer solutions having undergone 72 h of release were spiked with free Dox and dialysis was continued. The initial conditions were then altered to account for the remaining conjugated Dox and the initial concentration of unconjugated Dox due to the spike, C TS,0 . (Eqs. [16] [17] [18] .
where Eqs. 16 and 17 account for the monoexponential decline of each population of conjugated Dox during the time that micelles had been dialyzed. The same model with minor adjustments was used to describe drug release under non-sink conditions. The equation describing total drug concentration was altered due to the analysis method. For non-sink drug release studies, free Dox is separated from conjugated Dox and Dox partitioned within the micelle by ultrafiltration. After free Dox removal, only conjugated and partitioned Dox concentrations in micelles are measured. The total measured Dox concentration then becomes:
C U m can be expressed in terms of the total concentration of free Dox and the partition coefficient, then substituted into Eq. 19 yielding:
The differential equations related to micellar Dox concentrations under non-sink conditions are less complex than those used in dynamic dialysis as there is no reservoir compartment and no Dox transport across a dialysis membrane. For nonsink drug release:
For dynamic dialysis, the model required the term P c to account for any unconjugated Dox. Initial conditions in nonsink drug release are altered due to removal of free Dox by ultrafiltration.
Drug release profiles for all three types of micelles and both pH conditions studied (i.e. the profiles measure for C T as defined by Eqs. 4 and 19 for dynamic dialysis and ultrafiltration studies, respectively) were fit using Micromath Scientist non-linear regression software using a weighting factor or two.
RESULTS
Micelle Preparation and Characterization
The HYD-M, ABZ-M, and GLY-M block copolymers having drug loadings of 26±1.6, 17±1.5, and 26±1.1% by weight, respectively, formed micelles in aqueous solution resulting in hydrodynamic diameters of 117±37, 54±12, and 58±11 nm obtained by dynamic light scattering measurements (32) . The lower drug loading of ABZ-M has been previously observed and theorized to occur due to the steric hindrance caused by the benzyl moiety (25) . The ζ-potentials were 13±0.2, −4.0± 0.6, and 0.5±1.5 mV for HYD-M, ABZ-M, and GLY-M, respectively (32) . Values reported here are averages±standard deviation of triplicate measurements.
Validation of Drug Release Experiments
Analyses of release kinetics from the observed release profiles obtained by the two methods employed in this study must account for the effects of the different experimental conditions (7, 8, 31) . In the case of dynamic dialysis, significant drug binding or adsorption to the dialysis membrane may alter the kinetics observed during release studies resulting in rate constants and other parameters that are not applicable under other conditions without an appropriate model (7). The disappearance of free Dox from dialysis cassettes at both pH 5.0 and pH 7.4 was monitored to assess this factor. Dox disappearance was first-order indicating that a single rate constant was sufficient to describe Dox transport across the dialysis membrane. Furthermore, disappearance of Dox from a spike experiment conducted to analyze polymer effects on Dox diffusion through the dialysis membrane mimicked that for free Dox. Drug release profiles generated at pH 5.0 and either 5 mM or 20 mM showed no difference, agreeing with previous work in similar systems which reported ionic strength had no effect on release (29) .
Analysis of ultrafiltration studies can be affected by incomplete removal of drug during the centrifugation and washing steps (31) . For accurate analysis, ultrafiltration studies herein had to separate aqueous Dox from Dox partitioned into micelles or conjugated to the block copolymers. This was validated first by exposing free Dox to the same ultrafiltration process as the block copolymers. Spectrophotometric analysis of Dox after ultrafiltration indicated complete drug removal. A second confirmation was performed by spike experiments with all micelles (HYD-M, ABZ-M, and GLY-M). Two sets of identical micelle solutions were prepared, one of which was subsequently spiked with free Dox. Both sets of solutions underwent the same ultrafiltration process. Analyses of the concentrates revealed no significant difference between the two solutions, confirming removal of free Dox in the aqueous phase.
Model-Predicted Hydrazone Bond Degradation After Long-Term Storage
Unlike the freshly-synthesized 1.0 mg block copolymer/mL studies, initial modeling of the Dox release profiles using copolymer material stored for 14 months at −20°C (i.e. 0.1 and 0.5 mg block copolymer/mL release studies) required inclusion of a value for P c representing the percentage of conjugated Dox at the start of a release experiment of less than 100%. At the lower block copolymer concentrations, 35-50% of Dox appeared to be unconjugated at the start of an experiment. As described in the previous methods section, all block copolymers were stored after synthesis as solids at −20°C. Samples were removed and used as needed for experiments. The sole difference between block copolymers used for drug release at lower concentrations and at 1.0 mg/mL was the time at which the experiments were performed. The drug release study at the 1.0 mg/mL concentration was completed approximately 14 months prior to the other experiments.
Due to these differences in the apparent percentage of Dox conjugated, partial hydrolysis of the hydrazone linkage connecting Dox to the polymer during storage was suspected. This was verified in two ways: ultrafiltration and Sephadex LH-20 purification (Fig. 2) . Both supported the modeling results. Typically greater than 90% recovery is expected after ultrafiltration purification. In the case of the block copolymers stored an additional 14 months, the recovery percentage of Dox was between 62 and 65%. An additional confirmation was performed using Sephadex LH-20 purification. Fourteen month old material was purified to remove any free Dox generated during storage. Drug loading was measured before and after purification. According to this experiment, between 67 and 69% of Dox was retained, depending on the micelle formulation. Thus, the results from the three separate methods were in agreement, all pointing to partial degradation of the hydrazone bond during prolonged storage.
Analyses of Drug Release Profiles
Multiple drug release studies were performed at physiological pH 7.4 and lysosomal pH 5.0 (Fig. 3) . First, Dox release profiles from HYD-M, ABZ-M, and GLY-M at 1.0 mg/mL block copolymer concentration were obtained using dynamic dialysis. Irrespective of micelle composition, more Dox was released at pH 5.0 than at pH 7.4. After 72 h, Dox release from HYD-M was 77% at pH 5.0 and 52% at pH 7.4. At this same time point, ABZ-M released 52 and 35% of Dox at pH 5.0 and pH 7.4, respectively. Similarly, GLY-M exhibited 45 and 28% Dox release at pH 5.0 and pH 7.4, respectively. It was apparent that total drug release followed a pattern of HYD-M releasing the largest percentage of Dox followed by ABZ-M and GLY-M, irrespective of pH. This trend (HYD-M > ABZ-M > GLY-M) was also evident at the 24 and 48 h time points.
Additional drug release studies using dynamic dialysis were performed at different block copolymer concentrations (0.5 and 0.1 mg/mL) (Fig. 3) . Decreasing the block copolymer concentrations from 1.0 to 0.5 mg/mL or 0.1 mg/mL resulted in greater Dox release from all micellar systems irrespective of pH, but this was largely attributable to the significant fraction of hydrazone bond hydrolysis during storage of the drug copolymer conjugates used in the experiments at lower concentration. Total Dox release from micelles at all concentrations was greater at pH 5.0 than at pH 7.4 and followed the trend: HYD-M > ABZ-M > GLY-M. Dox release studies from HYD-M (0.5 mg/mL) were also conducted under non-sink conditions at pH 5.0 and 7.4. As opposed to dynamic dialysis release studies, Dox concentrations remaining in the micelles reached a plateau under nonsink conditions (Fig. 3a and b) . Without a reservoir to provide sink conditions, Dox release was presumed to reach equilibrium allowing the pH-dependent micelle/water partitioning effect to be confirmed. More Dox was released at pH 5.0 (52%) than at pH 7.4 (15%) indicative of an increased micelle/water partition coefficient at pH 7.4.
Characterization of pH-Sensitive Release Profiles
Drug release profiles were fitted to the models described in the previous section to determine parameter values for: k f , k s , k d , K p , and F kf (Table I) . P c , the percent of Dox initially conjugated, was not a fitted parameter as it was determined independently by Sephadex purification. At 1.0 mg block copolymer/mL, the percent conjugated was set at 100% for all micelles while the percent conjugated at 0.1 and 0.5 mg block copolymer/mL was set to 67, 68, and 69% for HYD-M, ABZ-M, and GLY-M, respectively. Based on the values reported in Table I , the main parameters contributing to differences in Dox release profiles were the fractions of conjugated Dox undergoing fast release (F kf ) and moderate differences in the rate constant for hydrolysis of the conjugated Dox population remaining after the initial fast release phase (k s ). Generally, no significant differences could be discerned in the k f values characterizing the rate constant for the conjugated Dox population undergoing rapid release. This was partially due to the significant amount of unconjugated Dox initially present in release studies at the two lower copolymer concentrations studied. The partial hydrolysis of conjugated Dox during storage added more drug to the fast phase of release seen in the release studies performed at 0.1 and 0.5 mg copolymer/mL. This made the estimation of a fast release rate constant difficult to distinguish from the rate-limited dialysis of free Dox initially present in the suspensions. Dox release rates from micelles at pH 7.4 did not differ dramatically with variations in drug-binding linker after accounting for the hydrazone bond degradation during storage (again, the ability to precisely determine k f was diminished due to hydrazone bond degradation during storage). The primary factors accounting for differences between drug release profiles at pH 5.0 and pH 7.4 were the greater fraction of conjugated Dox undergoing fast release (F kf ) which resulted in a greater extent of Dox release from HYD-M at 72 h and modest but statistically significant increases in the slow release rate constants (k s ) at pH 5.0 for ABZ-M and GLY-M micelles. While values of the partition coefficients (K p ) were higher at pH 7.4, the release profiles were only moderately influenced by binding at the micelle concentrations employed (as most readily visualized in the 1 mg/mL release profiles at early time points (Fig. 3b, d and f) ). The secondary phase of Dox release was very slow, irrespective of block copolymer. The primary difference between the model determined drug release parameters was in F kf (HYD-M > ABZ-M > GLY-M).
DISCUSSION
Previously, apparent release rate constants from Doxconjugated block copolymer micelles were calculated using zero or first order models, leaving open the question of which factors impacted drug release (25) . These apparent release rate constants combined micelle-dependent properties (i.e. hydrazone bond hydrolysis, Dox partitioning) and transport across the dialysis membrane into a single kinetic descriptor. Furthermore, only the pH effect was observed, without considering effects of block copolymer and buffer concentrations. This oversimplified model led to a limited understanding of the release profiles. For this reason, additional studies were performed and a comprehensive mathematical model was developed to better elucidate factors (e.g., hydrazone stability, Dox micelle/water partitioning, heterogeneous kinetics, etc.) impacting drug release.
Initial model fitting revealed possible stability issues with the hydrazone bond under the storage times and conditions employed. The degradation mechanism was beyond the scope of this work, but the most likely possibility was hydrolysis during storage at −20°C due to the presence of trace amounts of water. Previously, the hydrazone linkage in a Dox conjugate was shown to degrade after lyophilization during storage at 2-8°C (30) . In that study, a water content of 2% in lyophilized samples resulted in 20% degradation of the hydrazone bond after 12 months. Though polymers were stored at a lower temperature (−20°C) in this work, samples were stored for a longer time. Also, the presence of the hydrophilic PEG may have resulted in higher water retention after freeze drying leading to greater degradation (water contents were not determined in the present study).
Release studies were performed with free Dox to probe dialysis membrane transport as this membrane poses an additional barrier to diffusion that may impact observed release kinetics (33, 34) . Irrespective of pH or formulation, the rate constant for Dox diffusion through the dialysis membrane was 0.80 h −1
. In one additional study, the rate of Dox disappearance was determined a second time with a previously used dialysis cassette. The determined rate constant did not differ significantly from that obtained in the initial study. Another study used a block copolymer solution that had undergone release for 72 h. The solution was spiked with free Dox and disappearance from the dialysis cassette was monitored. The rate of disappearance was similar to studies with free Dox alone indicating that the presence of micelles under these conditions did not significantly alter release kinetics of free Dox.
The extent of Dox binding to micelles could significantly alter the apparent rate of Dox release in dynamic dialysis when dialysis membrane transport becomes partially rate limiting (35, 36) . Release studies were performed at three block copolymer concentrations to probe the effects of drug partitioning. As copolymer concentration decreases, the fraction of micellar bound Dox decreases. When drug release profiles generated at two different block copolymer concentrations overlap, the effect of drug binding to micelles is assumed to be negligible. This was observed at pH 5.0, as drug release profiles from HYD-M, ABZ-M, and GLY-M at 0.1 and 0.5 mg/mL copolymer concentrations overlapped in all three cases. Dox micelle/water partitioning was reduced at pH 5.0 relative to pH 7.4 because Dox (pKa=8.15) is fully protonated at pH 5.0 but a mixture of protonated and neutral species at pH 7.4 (37) .
The influence of Dox binding to micelles is illustrated in the simulations shown in Fig. 4 . Using the rate constants provided a Value used for generation of statistics as release of fast phase was rate-limited by Dox transport through the dialysis membrane Fig. 4 Simulation of HYD-M (pH 5.0) release profile under non-sink conditions using rate constants in Table I . The % Dox remaining after ultrafiltration ( ) versus time along with the fit using the mechanistic model (gray line) are compared to a simulation with no partitioning of unconjugated Dox (K p =0) into the micelle (gray dotted line). Based on the values in Table I , the amount of unconjugated Dox that partitioned into the micelle was also simulated as a % of total Dox present in the solution (black line).
in Table I , the % of Dox remaining in the ultrafiltered samples analyzed during release are shown along with the fit using the mechanistic model (solid line) and compared to a simulation which assumed binding of unconjugated Dox was negligible (K p =0). The % of total unconjugated Dox that partitioned into the micelle was also simulated. This clearly shows that partitioning still plays a role in acidic conditions for the HYD-M. This partitioning effect in conjunction with the rate of Dox transport through the dialysis membrane has implications on the pH-sensitive nature of the initial phase of release observed from dynamic dialysis. This is illustrated by Fig. 5 . Here, the release profile from a 1 mg/mL concentration of GLY-M at pH 7.4 was simulated based on the values reported in Table I and compared to the simulated profile of drug remaining in the dialysis tube still conjugated to the block copolymer micelles. It is evident that the lag seen in Dox release is due to the accumulation of free Dox. This is expected based on previous reports of a similar lag in drug release seen with liposomal nanoparticles using dynamic dialysis (31, 38) . This effect is exaggerated at pH 7.4 where all formulations have a higher K p . Substantial partitioning of Dox at pH 7.4 reduces the rate Dox is able to leave the dialysis cassette as a significant portion of unconjugated Dox remains partitioned in the micelles, thus reducing the driving force for Dox diffusion across the dialysis membrane. This is also illustrated by Fig. 5 that compares the release profile from a 1 mg/mL concentration of GLY-M at pH 7.4 with a simulation of this profile if K p were zero (i.e. no partitioning). In the absence of Dox partitioning, observed release would be faster as the time for the accumulation phase in the dialysis cassette is nearly doubled due to partitioning (Fig. 6) .
Biphasic Dox release was observed in all of the release studies performed with polymer micelles in this study. Biphasic drug release has been observed in multiple systems, but there is no consensus on the cause (39) (40) (41) (42) (43) . The exact reason behind the heterogeneous kinetics described herein has not been confirmed, but multiple hypotheses are considered. First, the need to include two populations of conjugated Dox having different release rates may indicate that hydrazone bond hydrolysis rates vary with location in the micelles. Hydrazone linkages closest to the core/shell interface may be hydrolyzed more readily due to higher water and hydronium ion concentrations. Those further within the core of the micelle hydrolyze more slowly due to the hydrophobic nature of the core. Based on this line of thinking, most of the water/hydronium ion likely resides at the interface of the micelle core and the PEG shell. The hydrophilic nature of PEG would reduce the hydrophobic effect at this interface relative to the core of the micelle, increasing the exposure of conjugates near this interface to water/hydronium ions. Due to the high surface-area to volume ratio associated with spherical geometries, the fraction of conjugated Dox susceptible to fast release, F kf , would only require the core/shell interface to extend to 7-15% of the total radial distance of the micelle's core for values of F kf ranging from 0.2 to 0.38. Even the value of 0.68 obtained for HYD-M at pH 5.0 would only require the interface to include approximately 30% of the core's total radial distance. Alternatively, the fast rate of release could represent hydrazone bond hydrolysis from single block copolymers while the slow release rate could represent loss of copolymer from the dialysis cassette. This last hypothesis seems unlikely as Fig. 5 The effect of micelle/water partitioning of unconjugated Dox in dynamic dialysis release studies. Here, the initial portion of the Dox release profile from a 1.0 mg GLY-M/mL solution at pH 7.4 (black square) is shown along with the profile generated by the mathematical model (black line) using the values in Table I . Simulations of the expected release profiles if K p is assumed to be zero (gray line) and if only conjugated Dox was monitored (multiplication sign) are also shown to illustrate the lag time in dynamic dialysis release profiles. the copolymer material used in drug release studies was larger than the MWCO of the cassettes. Because the block copolymers should not be able to dialyze through the cassettes, polymer concentrations should remain high within the cassettes and primarily exist as micelles due to the extremely low critical micelle concentrations for these types of polymer micelle systems (44) . While the fitted curves matched the experimental data, the drug release parameters determined from fitting the data had sufficient variability that it was not always possible to arrive at a clear mechanistic explanation for the modest differences in release profiles. The greater extent of release observed for HYD-M, and the pH-sensitive behavior appeared to be heavily dependent upon the relative populations of fast and slow releasing Dox conjugates. One difference noted in the nanoparticles was that ABZ-M and GLY-M were roughly 50 nm with a narrow size distribution, while HYD-M were 100 nm with a much wider size distribution. Generally, a pH effect on drug release after 72 h was modest, with more Dox released in acidic conditions. The introduction of spacers appeared to lower overall drug release over the time frame of these studies.
CONCLUSIONS
Dox release from HYD-M, ABZ-M, and GLY-M was observed, analyzed, and modeled in acidic and neutral conditions. At pH 5.0, total Dox release at specific time intervals varied depending on micellar formulation (HYD-M > ABZ-M > GLY-M). A mechanistic model was developed to estimate parameters governing Dox release. Modeling results identified a stability issue with partial hydrolysis of the hydrazone linkage used to conjugate Dox to the block copolymers during storage and provided a quantitative correlation between drug-linker stability and drug release kinetics. The impact of this finding is significant as researchers considering employing hydrazone linkages for drug conjugation should be cognizant of these stability issues and give careful consideration to validation of conjugate stability at the storage conditions selected. In addition to the stability issue, mathematical modeling also revealed pH-sensitive Dox partitioning was present in all three micelle formulations. This partitioning of unconjugated Dox into the micelle in conjunction with its effect on observed Dox transport in dynamic dialysis studies complicated the interpretation of release kinetics for these micelle formulations. Such observed partitioning effects would be negligible in vivo where sink conditions are maintained and not affected by transport through a dialysis membrane. The approach used here to develop a mechanism-based mathematical model to account for method-specific effects on observed drug release profiles should generally be useful for assessing release characteristics intrinsic to a particular drug/ nanoparticle system.
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